The aims of this study were to examine prospectively the relationship between metabolic syndrome (MetS) and aortic stenosis (AS) progression and to evaluate the effect of age and statin therapy on AS progression in patients with or without MetS.
opened the new and revolutionary perspective that AS may be a modifiable disease. Experimental animal studies as well as several retrospective clinical studies initially reported that low-density lipoprotein (LDL)-lowering therapy with statins may reduce stenosis progression (2) (3) (4) . One openlabel prospective study also reported that hypercholesterolemic patients treated with statins had significantly slower AS progression compared with normocholesterolemic patients with a similar degree of AS but who were left untreated (5 Rosuvastatin] trial) failed to demonstrate any significant effect of statins on either stenosis progression or occurrence of valve-related events (6 -8) .
In a single-center retrospective study of 105 patients with AS, we previously reported that MetS was associated with faster AS progression and with a higher rate of adverse events (i.e., aortic valve replacement [AVR], death, or both) (9) . Other retrospective or cross-sectional studies also revealed independent associations between MetS and increased prevalence of aortic valve calcification (10) or faster degeneration of bioprosthetic aortic valves (11) . These findings lend support to the hypothesis that MetS could be associated with faster AS progression independently of the traditional risk factors, and in particular LDL cholesterol level. The objectives of this predefined substudy of the ASTRONOMER trial (ISRCTN32424163) were: 1) to examine the relationship between the MetS and the progression of AS; and 2) to assess the effect of age and statin therapy on AS progression in the patients with or without MetS.
Methods
The design and core results of the ASTRONOMER trial have been reported previously (8, 12) . The design and protocol of the present substudy were established before the conduct of the main study. Patient population. The ASTRONOMER trial included 269 patients (age range: 18 to 82 years) with mild to moderate AS (peak aortic jet velocity [V peak LABORATORY DATA. Fasting blood samples were collected at baseline, 1 year, and last follow-up to obtain plasma levels of glucose, insulin, and creatinine and complete lipid profile, which included total cholesterol, triglycerides, LDL cholesterol, high-density lipoprotein cholesterol, and apolipoprotein B using automated techniques standardized with the Canadian reference laboratory. After centrifugation, plasma samples were stored at Ϫ80°C until measurement of LDL particle size, as previously described (14) . To assess insulin resistance, we calculated the homeostatic assessment model (HOMA) index using the formula: insulin (U/ml)·[glucose (mmol/l)/22.5] (15).
IDENTIFICATION OF PATIENTS WITH METABOLIC SYN-

DROME.
The clinical identification of patients with the features of MetS was based on the modified criteria proposed by the National Cholesterol Education ProgramAdult Treatment Panel III (16) . Doppler echocardiographic data. The echocardiographers at each site received training in the acquisition and interpretation of the echocardiograms before the beginning of the study. Randomly selected studies that contributed 10% of the total number of echocardiograms were reviewed to ensure that the studies and measurements were performed in accordance with the protocol. Multivariate linear regression analysis was performed to identify the independent predictors of faster AS progression (i.e., annualized progression rates of peak aortic jet velocity, AVA, and DVI). We entered in the multivariate model: 1) the variables with p value Ͻ0.10 in individual analysis; 2) the traditional cardiovascular risk factors (age, male gender, history of hypertension, LDL cholesterol, and history of smoking); 3) the aortic valve phenotype (bicuspid vs. tricuspid); and 4) the randomization status (statin vs. placebo). A second multivariate model was obtained by including the interaction terms: MetS·age and MetS·statin use. A 1-way analysis of variance followed by a Tukey post-hoc test was used to evaluate the effect of MetS and age (dichotomized according to the median value: 57 years of age) or statin therapy on stenosis progression. Kaplan-Meier curves and log-rank tests of the time-to-event data were used to assess the effect of MetS on the composite of AVR or cardiac death. The predictors of event-free survival were assessed with the use of individual and multivariate Cox proportional hazard analyses. Two-or 3-way analyses of variance for repeated measures followed by a Tukey post hoc test were used to determine the effect of treatment (statin vs. placebo), group (MetS vs. no MetS), and time (baseline vs. 1-year follow-up) on blood metabolic markers. A p value of Ͻ0.05 was considered statistically significant.
Results
Baseline characteristics of the study population. Among the 243 patients included in this study (mean follow-up: 3.4 Ϯ 1.3 years), 30% had systemic arterial hypertension, 46% had a history of smoking, and 27% had MetS according to the National Cholesterol Education Program-Adult Treatment Panel III criteria (Table 1) . Baseline Doppler echocardiographic data showed significantly higher relative wall thickness ratio and LV mass index and a nonsignificant trend for lower prevalence of bicuspid aortic valve in the patients with MetS, whereas the degree of aortic valve calcification, V peak , transvalvular pressure gradients, AVA, DVI, and LV ejection fraction were similar in both groups ( Table 1 ). MetS also was found to be an independent predictor of AVA (p ϭ 0.03) or DVI (p ϭ 0.02) progression rates.
The impact of the MetS on AS progression differed depending on patient's age (MetS·age interaction: p ϭ 0.01) (Online Table 1 ). In patients 57 years of age or younger (median age for the entire cohort), the AS progression rate was 2-fold faster in subjects with MetS versus those without MetS (V peak annualized change: ϩ0. 24 (Fig. 1B) . In the subset of patients 57 years of age or younger, multivariate analysis showed that the only significant predictors of faster V peak progression were MetS (p ϭ 0.0009) and moderate or severe aortic valve calcification score of 3 or more (p ϭ 0.01). MetS also was an independent predictor of faster AVA (p ϭ 0.009) or DVI (p ϭ 0.006) decrease in these younger patients. Impact of MetS on clinical outcomes. During follow-up, there were 53 AS-related events, of which 51 were AVRs and 2 were cardiac deaths. The 4-year event-free survival in patients with MetS versus no MetS was 63 Ϯ 10% versus 80 Ϯ 5% (p ϭ 0.18) in the entire cohort (Online Fig. 1A ), 51 Ϯ 15% versus 90 Ϯ 5% (p ϭ 0.0006) in the subset of patients 57 years of age or younger (Online Fig. 1B) , and 75 Ϯ 15% vs. 68 Ϯ 8% (p ϭ 0.30) in the subset of patients 218 Capoulade
older than 57 years (Online Fig. 1C ). In patients 57 years of age or younger, MetS was a predictor of events in individual analysis (hazard ratio: 4.04, 95% confidence interval: 1.69 to 9.75, p ϭ 0.002) and remained a powerful predictor after adjusting for age, peak aortic jet velocity, and degree of valve calcification (hazard ratio: 3.86, 95% confidence interval: 1.57 to 9.61, p ϭ 0.004). Effect of statin therapy. As previously reported for the main ASTRONOMER trial (8), statin therapy had no effect on AS progression in the entire cohort (Online Table 1 Impact of Metabolic Syndrome on Aortic Stenosis p ϭ NS). In the multivariate model (Online Table 1 ), the MetS·statin use interaction term was not statistically significant. As expected, LDL cholesterol level decreased markedly from baseline to the 1-year follow-up in the patients treated with statin, whereas there was a minimal reduction in the patients who received placebo (absolute change: Ϫ1.86 Ϯ 0.77 mmol/l vs. Ϫ0.24 Ϯ 0.68 mmol/l, p Ͻ 0.001) (Online Table 2 ). However, the LDL peak particle size decreased significantly in the statin group (absolute change: Ϫ1.1 Ϯ 5.0 Å vs. ϩ0.7 Ϯ 4.7 Å, p ϭ 0.01) and became significantly different from that of the placebo group at the 1-year follow-up (Online Table 2 ). The HOMA index increased significantly in the patients treated with statin, whereas it remained stable in those who received placebo (ϩ0.41 Ϯ 1.15 vs. Ϫ0.01 Ϯ 0.88, p ϭ 0.004), and this was observed in the entire cohort as well as in the patients with or without MetS (Online Table 2 ), but the 1-year change in HOMA index associated with statin therapy was greater (p ϭ 0.03) in the patients with MetS (ϩ0.78 Ϯ 1.74) compared with those with no MetS (ϩ0.28 Ϯ 0.81) (Online Table 2 ). Moreover, the annualized change (from baseline to last follow-up) in the HOMA index was more important (p ϭ 0.02) in patients with MetS (ϩ0.45 Ϯ 1.25 U/year) compared with those without MetS (ϩ0.16 Ϯ 0.41 U/year), and the patients with MetS who were receiving rosuvastatin treatment by far had the largest increase in HOMA index (0.61 Ϯ 1.41 U/year) during follow-up (Fig. 2) .
When adding the annualized changes in blood metabolic markers into the multivariate model, the independent determinants of AS progression in the entire cohort were older age (p ϭ 0.038), higher degree of aortic valve calcification (p ϭ 0.039), higher V peak (p ϭ 0. 
Discussion
The main findings of the present study are as follows: 1) this is the first prospective study to demonstrate that MetS is associated with faster stenosis progression and poorer prognosis in patients with AS; 2) this detrimental impact of MetS on AS progression and prognosis is significant only in younger patients, that is, those 57 years of age and younger, and not in older ones; 3) statin therapy was associated with a deterioration of patients' insulin resistance and the induction of the small LDL phenotype in this cohort of patients with normal LDL cholesterol levels, and theses effects were more pronounced in those patients with a clinical diagnosis of the MetS; 4) in this latter subset of patients, we also observed that statin therapy was associated with faster progression of AS, but multivariate analysis revealed no significant independent effect of statin and no significant interaction between MetS and statin use. Interaction between MetS and age. The findings of this study suggest that the pathophysiological mechanisms leading to the development and progression of AS may be, at least in part, different between the older population and the younger middle-aged population. These findings are consistent with our previous study of explanted AS valves in which the small, dense LDL phenotype was associated with aortic valve inflammatory and calcifying processes in middle-aged but not in elderly patients (21) . Hence, the insulin-resistant state and atherogenic dyslipidemia linked to visceral obesity may have a predominant role in the development of aortic valve inflammation and calcification in the younger population, whereas other mechanisms may be involved to a greater degree in the older population, including dysregulation in the mineral metabolism, postmenopausal deficiency in estrogen, and age-related modification in the adipokine system (21) (22) (23) . Statin therapy in normocholesterolemic patients with both AS and MetS. In this study, statin therapy with rosuvastatin was found to be associated with worsening metabolic abnormalities (insulin resistance and small LDL peak particle size), which often are present in patients with MetS. In particular, the HOMA index, which reflects insulin resistance, deteriorated significantly only in patients receiving statin therapy and to a much greater extent in patients with MetS (Fig. 2 , Online Table 2 ). These results are consistent with several recent reports. A randomized study by Koh et al. (24) showed that atorvastatin causes insulin resistance and increases ambient glycemia in hypercholesterolemic patients. Moreover, several large-scale clinical trials have demonstrated that lipophilic statins such as atorvastatin, simvastatin, and rosuvastatin may be associated with an increased risk of new-onset type II diabetes (25) (26) (27) .
In a recent meta-analysis of 3 large randomized trials, treatment with high-dose atorvastatin increased the risk of new-onset diabetes to a larger extent in the patients with MetS compared with those with no MetS (28) . In this context, it thus is not surprising that the deleterious effects of MetS on AS progression and metabolic profile were more pronounced in the patients treated with rosuvastatin, because both MetS and statin treatment seemed to be acting in synergy to increase insulin resistance and to decrease LDL peak particle size. A tendency toward a synergy between MetS and statin therapy with faster AS progression or accelerated aortic valve bioprosthesis degeneration also has been observed in 2 retrospective studies from our group (9, 11) . Clinical perspectives. We propose that this study has important clinical implications. The role of MetS as an independent predictor of faster AS progression is confirmed, and importantly, this detrimental effect is observed even if total or LDL cholesterol levels are normal. Hence, newer therapeutic targets in AS logically should be aimed at treating the risk factors associated with MetS when present and should include aggressive lifestyle changes such as increased physical activity and dietary changes aimed at weight loss, particularly at the loss of visceral or ectopic fat, which is so closely related to the presence of the MetS (29) . Unfortunately long-term patient compliance with lifestyle changes is difficult to achieve, and specific pharmacological therapies directed toward visceral obesity are not yet available. Nonetheless, the findings of the present study provide additional evidence for motivating patients to achieve better long-term compliance regarding these lifestyle changes. The SALTIRE, SEAS, and ASTRONOMER trials have provided compelling evidence that statins are not helpful in the treatment of AS (6 -8) . Nonetheless, in light of earlier studies that largely were retrospective and reported positive results, the perception of a possible benefit has lingered to the extent that many patients with AS, and yet with no indication for statins, probably are still receiving statin treatment based on the adage that it cannot harm and may help. The wisdom of such an approach, however, is challenged by the present observation of a marked worsening of insulin resistance and a faster stenosis progression in the subset of patients with MetS and normal cholesterol levels. Because of the small number of patients in this analysis and the lack of significant interaction between MetS and statin therapy in the entire cohort, these results should be considered hypothesis generating and must be evaluated in future trials. Furthermore in the SEAS trial, it has been reported that the combination of simvastatin and ezetimibe reduced the risk of ischemic events, especially the need for coronary artery bypass graft (7). Hence, considering the very significant benefits associated with statin use in patients at increased risk of coronary heart disease, including those with the MetS (27, 30) , the dilemma of the tradeoff between reducing coronary heart disease risk and potentially accelerating AS progression with statin use in normocholesterolemic patients with MetS will have to be addressed and debated. Study limitations. The AVA data were not available in 19% of the patients included in this cohort. However, the results of the annualized changes in AVA were highly 221 JACC Vol. 60, No. 3, 2012 Capoulade et al. July 17, 2012:216-23 Impact of Metabolic Syndrome on Aortic Stenosis consistent with those of peak aortic jet velocity. Furthermore, the ASTRONOMER trial was not powered to assess valve-related events, which limited our ability to perform multivariable analyses for this outcome. In view of the relatively small number (n ϭ 33) of patients with MetS who were being treated with statins, the subanalysis with respect to the effect of statin therapy on AS progression in patients with MetS is at risk of a type I error. Furthermore, the MetS·statin use interaction was not statistically significant in the multivariate analysis of the entire cohort. A larger study thus is needed to confirm the effect of statin therapy on AS progression in the subset of patients with MetS and normal LDL cholesterol levels. Nonetheless, the marked deterioration of the metabolic profile associated with statin therapy in normocholesterolemic patients with MetS provides some support to the hypothesis of an unwanted side effect of statin therapy on AS progression in this subset of patients. Given that the need for statin therapy was a prespecified exclusion criteria in the ASTRONOMER trial, the results and conclusions of this substudy can be applied only to patients with no hypercholesterolemia.
Conclusions
In the ASTRONOMER trial, MetS was found to be a powerful and independent predictor of faster AS progression with more pronounced impact in younger patients. Treatment with rosuvastatin worsened insulin resistance state and LDL particle phenotype, particularly in patients with MetS. These findings emphasize the importance of systematically identifying and treating MetS in AS patients. The apparent faster stenosis progression in the subset of normocholesterolemic patients with MetS receiving the statin will need to be confirmed by future studies.
